Introduction
The advantages of an MRI-based approach to cardiovascular imaging include its high spatial resolution, excellent soft tissue contrast and ability to simultaneously image cardiovascular anatomy, physiology and molecular events [32] . The role of molecular MRI in cardiovascular medicine has been broadly examined in several recent reviews, and the interested reader is referred to these articles for a comprehensive discussion of the field [11, 32] . In the current article, however, we focus specifically on the role of magnetic nanoparticles (MNP) in cardiovascular molecular imaging. In the initial portion of the article the physical characteristics of several generations of MNP are reviewed. The advantages and disadvantages of various strategies with which to image MNP are then discussed. Finally, the role of these agents in the diagnosis and study of cardiovascular disease is reviewed.
j Agents
The principal challenge of molecular MRI, in comparison to other molecular imaging techniques such as PET and fluorescence, lies in its lower sensitivity. Conventional gadolinium chelates have a sensitivity in the micromolar range which, with certain exceptions, is usually inadequate for molecular MRI. Conventional extracellular gadolinium chelates also have David E. Sosnovik Matthias Nahrendorf Ralph Weissleder Magnetic nanoparticles for MR imaging: agents, techniques and cardiovascular applications j Abstract Magnetic nanoparticles (MNP) are playing an increasingly important role in cardiovascular molecular imaging. These agents are superparamagnetic and consist of a central core of iron-oxide surrounded by a carbohydrate or polymer coat. The size, physical properties and pharmacokinetics of MNP make them highly suited to cellular and molecular imaging of atherosclerotic plaque and myocardial injury. MNP have a sensitivity in the nanomolar range and can be detected with T1, T2, T2*, off resonance and steady state free precession sequences. Targeted imaging with MNP is being actively explored and can be achieved through either surface modification or through the attachment of an affinity ligand to the nanoparticle. First generation MNP are already in clinical use and second generation agents, with longer blood half lives, are likely to be approved for routine clinical use in the near future.
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Several novel gadolinium constructs have been developed to address these limitations and are discussed in more detail in other articles in this supplement. These constructs are heavily loaded with paramagnetic gadolinium chelates and in general have longitudinal relaxivity (R1) values ranging from 10 to 20 s )1 mM )1 [5, 23] . The relaxivity of an MR contrast agent reflects its ability to interact with adjacent protons and strongly influences its detectability. The higher the longitudinal relaxivity (R1) of an agent, the brighter tissue in its vicinity becomes, while the higher the transverse relaxivity (R2), the darker the tissue becomes. Gadolinium based probes are generally imaged with T1 weighted sequences at standard clinical field strengths producing positive contrast. However, the R1 of these agents decreases rapidly at high field strengths reducing the sensitivity of these probes at high field.
MNP are typically superparamagnetic (but can also be synthesized to be ferromagnetic or paramagnetic, however these materials are not very useful for MR imaging) and can be imaged with T1, T2, T2* and steady state free precession techniques [7, 19, 33] . MNP agents typically have a central core of ironoxide, measuring 3-5 nm in diameter, surrounded by a carbohydrate (for macrophage targeting) or polymer coat (often for targeting to other cells) [28, 45] . A citrate coated iron-oxide nanoparticle has also recently been developed and used as a blood pool agent [39] . Selected MNP have been used extensively in the clinical arena to image the liver and lymphatic system [6] , and their established safety record thus makes them a highly appealing platform for molecular MRI. A selected list of representative MNP is provided in Table 1 . The R2 values of these agents range from 50 to >600 s )1 mM )1 [21, 45] , and remain constant over all field strengths >0.5 Tesla. The R1 values of these agents, however, decrease with field strength much like paramagnetic gadolinium constructs.
Several generations of MNP have now been synthesized, as shown in Fig. 1 . The first generation of MNP, such as Feridex (Advanced Magnetics, Cambridge MA), contain relatively thin dextran coats and have the propensity to form polycrystalline clusters, which are rapidly cleared from the blood stream by the reticulo-enthothelial system. This agent can thus be used to detect the replacement of normal liver tissue by neoplasm and metastases, and has been FDA-approved for this application via intravenous injection since 1993. The metabolism, pharmacokinetics and toxicity of MNP taken up by cells in the reticulo-endothelial system have been well studied [42] . Histologic and serologic studies have not revealed any toxic effects related to MNP administration. Iron radiotracer (59FE) and MR relaxivity studies have also shown that the iron-oxide core of the MNP is broken down into other forms of iron and then incorporated normally into hemoglobin in newly formed erythrocytes [42] . More recently, several groups have used Feridex and other iron oxide nanoparticles to label exogenous stem cells prior to their in vivo administration [9, 17] . The pharmacokinetics, metabolism and safety profile of Feridex when used for cell labeling, however, will require additional evaluation.
Subsequent generations of MNP ( Fig. 1 ) have been synthesized with more extensive polymer coatings and remain monodisperse in solution [28] . The term monocrystalline iron oxide or MION is thus often applied to these agents. Unlike Feridex, these agents were designed to have a much longer blood half live (24 h in humans, 11 h in mice) and typically have a homogenous uniform size distribution in the 30-50 nm range [28, 45, 46] . The small size, long blood half lives and high relaxivities of these MNP constitute a powerful combination that allows them to penetrate deep tissue spaces, such as the interior of atherosclerotic plaque and the myocardium [12, 31] , and detect sparsely expressed targets in the low nanomolar range. The MNP Ferumoxtran (Combidex or Sinerem), a preparation similar to the experimental MION-47, has been used to image lymph node micrometastases in several phase 3 clinical trials [6] . This agent has also been used to image inflamed vulnerable plaque in humans [16, 36] , although the experience in this regard is preliminary and is discussed in the article by Nahrendorf and colleagues in this supplement.
A highly stabilized and cross-linked derivative of MION-47, known as CLIO-47, has also recently been developed for targeted molecular imaging applications [18, 45] . CLIO contains amine groups on cross-linked dextran chains, allowing a large variety of ligands to be conjugated to the nanoparticle with a high degree of stability and relative ease. Near infrared fluorochromes, for instance, can be attached to the amine groups on the probe to form a dual modality magnetofluorescent nanoparticle [15, 27] . In addition, many copies of the targeting ligand can subsequently be attached to the CLIO-fluorochrome conjugate to form a multivalent (>1 targeting ligand) magnetofluorescent nanoparticle. Examples of two recently used such ligands include annexin for apoptosis imaging [27, 33] , and a peptide specific for the adhesion molecule VCAM-1 [14, 24] . More recently an experimental MNP with even higher relaxivity (MION-48, CLIO-48, R2 > 180 s
) has been synthesized, and has the potential to enhance the sensitivity of these and other targeted probes even further.
Molecular MR agents can be targeted to a specific entity through one of two mechanisms. The first involves the attachment of an affinity ligand (antibody, fragments, proteins, peptides, apatamers) directed against a known target on the cell surface, such as the a v b 3 integrin [22, 43] , phosphatidylserine [27, 37] , or VCAM-1 [14, 24] . The second approach involves modification of the MNP surface with small molecules to modulate its uptake [35, 40] . Although these small chemical moeties are several orders of magnitude smaller than the MNP, they have been shown to dramatically influence the target binding and in vivo kinetics of these probes through a variety of mechanisms. High-throughput screening of a library of surface-modified MNP, for instance, has revealed agents that are highly specific for either resting or activated macrophages [40] . This demonstrates that MNP may be targeted not only to cell type but also to cell state. In addition, it suggests that the uptake of MNP such as MION by macrophages is more complex than initially thought and not necessarily an automatic consequence of a macrophage encountering a synthetic nanoparticle. Coating an MNP with the small chemical SIA (succinimidyl iodo acetate), for instance, can dramatically reduce its uptake by both resting and activated macrophages [40] .
The size and physical properties of certain MNP, such CLIO, also promote cellular internalization of the MNP after ligand binding to an appropriate receptor [10, 14] . Once within the cell the MNP become trapped and compartmentalized within lysosomes producing strong biological amplification of the signal [10] . This amplification is due to an increase in R2 when a given concentration of MNP becomes compartmentalized or aggregated in cells rather than remaining disperse in solution [29] . This concept has been demonstrated by several groups and also forms the basis of the magnetic relaxation switches, developed in our laboratory, for bioassays [26] .
j Imaging techniques
The superparamagnetic nature of MNP allows T2* weighted imaging to be performed with equal accuracy at all field strengths above 0.5 T, at which the R2 and R2* of these agents plateau. As one moves to a higher field strength, however, a given amount of T2 or T2* weighting can be achieved at progressively shorter echo times because of an increase in the transverse relaxation rates of the surrounding tissues with field. Moving to higher field thus not only increases the signal and contrast to noise ratios, but also reduces motion and flow artifacts by reducing the required echo time. T1 weighted imaging can also be robustly performed with MNP but must be done at standard clinical field strengths where their R1 values remain high, and also with echo times short enough to avoid R2 effects [19] . The sensitivity of MNP has been well documented with a variety of techniques, most notably T2* weighted and SSFP imaging [7, 24, 33] . In an environment where the diffusion of water is completely unrestricted the sensitivity of T2 weighted imaging will approach that of T2* weighted imaging. In most scenarios involving cardiovascular imaging with MNP, however, diffusion in the vessel wall or myocardium is significantly restricted and a T2* weighted approach is more sensitive. SSFP imaging has been used in a clinical system fitted with high performing animal gradients to image even single cells loaded with MNP in the brain [8] . Tissue contrast in SSFP is a combination of T2 and T1 effects and is highly non linear, being heavily influenced by amongst other factors the echo spacing in the sequence. For instance, when the resonance offset angle of the steady state magnetization approaches ±180°an abrupt and dramatic local loss of signal occurs. This phenomenon can be exploited to detect MNP but may also produce off-resonance artifacts in areas with no MION, particularly at higher fields. Further study will be needed with SSFP sequences in areas other than the brain and with applications other than stem cell imaging to better define the role of this technique.
When either T2, T2* or SSFP sequences are used the presence of the MNP is imaged through the generation of negative contrast or relative signal hypointensity. Concerns have been raised that this negative contrast could be non-specific and difficult to discern from signal hypointensity due to calcification, susceptibility artifacts, flow related signal loss or air (Table 2 ). In addition, particularly in the area of stem cell imaging the linearity of T2* based imaging as a function of cell number or MNP content has been questioned. Several off-resonance techniques have thus been developed to generate positive contrast from MNP and potentially address these concerns [3, 20, 34] .
Positive contrast techniques include those that selectively excite off-resonance spins [3] , exploit saturation transfer from the off-resonance to the onresonance proton pool, modulate the slice rephasing gradient to fully rephase only those spins that experience additional rephasing from the dipole field generated by the MNP [20] , and sequences that suppress on-resonance protons with either inversion recovery or chemical saturation techniques [4, 34] . While the use of these positive contrast techniques will require further study, several recent reports provide initial insights into their diagnostic accuracy.
The sensitivity of the positive contrast sequences for MNP may approach that of conventional T2* based techniques, (nanomolar) [4, 20] , if performed under optimal conditions and with parameters producing low specificity. However, unlike conventional T2* techniques where the sensitivity for MNP at a given echo time increases with field strength, the converse holds true for the off-resonance techniques [4, 20] . At higher fields the on-resonance water linewidth is broader producing a decrease in the spectral separation of on and off-resonance spins. Another challenge with these techniques, and at high field in particular, appears to be a nonlinear response to MNP concentration [4] . As the MNP content in a voxel increases, the percentage of spins shifted off resonance increases but the T2 of these shifted spins also becomes extremely short, opposing the positive contrast. The linearity of the positive contrast techniques particularly at high field strengths can thus become unpredictable, particularly if the echo time is not kept extremely short.
The average resonance shift induced by susceptibility artifacts at an air interface has recently been shown to be approximately 300 Hz at 4.7 Tesla, which corresponds to the shift obtained with 150 ug Fe/ml of MION [4] . The imaging of MNP with positive contrast techniques in regions of the body with complex air interfaces is thus complicated by this non-specific shift, particularly at high field strengths where the shift is larger. Positive contrast techniques are thus likely to work best when high local concentrations of MNP are imaged at 1.5-3 Tesla. At these field strengths the on-resonance linewidth is narrowest and the non-specific off-resonance shifts are lowest [4] . This approach, for instance, has recently been shown by Stuber and colleagues to generate extremely high quality off-resonance angiograms of the rabbit aorta in vivo at 3 Tesla [34] .
Newer gadolinium chelates have been used, to date, principally to image endothelial and other targets in atherosclerotic plaque such as macrophages [1] , fibrin [2] , and angiogenesis [44] . The imaging of these agents is usually performed with a T1 weighted sequence at standard field strengths, where the R1 of the probe remains high producing positive contrast. As with positive contrast techniques for MNP, however, several important artifacts need to be considered when using gadolinium based probes (Table 2) . Fat has a high R1 value and appears bright on T1 weighted sequences. Incomplete suppression of the perivascular fat, for instance, can thus mimic uptake of the probe in the vessel wall. Slow flow within the vessel lumen can also result in incomplete suppression of the blood signal and thus mimic uptake of the probe within the endothelium [30] . Finally B1 inhomogeneity becomes a significant problem at higher fields and can produce significant variation in signal intensity due to inconsistent flip angles [38] . This B1 inhomogeneity will need to be addressed with techniques such as RF or B1 shimming, which requires multiple transmission coils and channels, if T1 weighted sequences are to be used optimally in humans and large animals at field strengths >3 Tesla [38] .
A strong awareness of the sensitivity, specificity and artifacts produced by each imaging technique (T1, T2*, off-resonance) is thus needed (Table2). Methods to recognize and potentially eliminate some of these possible artifacts are provided in parentheses within Table 2 . In extreme cases multi-modality imaging may be needed. However, one of the strengths of MRI lies in its ability to generate multiple forms of contrast, which can usually be used to differentiate any potential artifacts from a true molecular signal.
j Cardiovascular applications
MNP have been used to image molecular targets in atherosclerosis [12, 24] , myocardial injury [25, 31, 33] , and stem cell therapy [9, 17] . The use of MNP in vascular imaging will be reviewed in the article by Nahrendorf and colleagues, and the role of these agents in stem cell imaging will be reviewed in the article by Kraitchman. The discussion below will thus focus purely on the imaging of myocardial injury with MNP.
The properties of MNP make them ideal agents with which to image myocardial macrophage infiltration in healing infarcts, transplant rejection and myocarditis [13, 25, 31] . This was recently demonstrated in a mouse model of post-infarction macrophage infiltration. The mice were injected intravenously with 3-20 mg Fe/kg of the MNP, CLIO-Cy5.5, 48 h after the infarct and then imaged with conventional T2* weighted MRI a further 48 h later. Negative contrast, consistent with the uptake of the probe by infiltrating macrophages, was seen in the infarcted anterolateral myocardium of all mice and at all doses [31] , as shown in Fig. 2 . It should be noted that the FDA approved dose for intravenous injections of clinically used MNP is 3 mg Fe/kg, and the ability of this experimental MNP to be detected at a dose of 3 mg Fe/kg is thus highly encouraging.
The T2* weighted MR images in Fig. 2a demonstrate another important finding. When contrast to noise was measured between the infarcted anterolateral and normal septal myocardium, a clear and fairly linear dose response to the MNP could be seen over a dose range up to seven times higher than the clinically approved dose [31] . The images acquired in Fig. 2a were obtained with an echo time of 6.5 ms and thus the MNP produced marked signal hypo-intensity. However, as shown in Fig. 2b , shorter echo times could be used to reduce the T2* weighting and eliminate the signal hypo-intensity even in a mouse injected with 20 mg Fe/kg of the MNP [31] . The use of short echo times, T1 weighted or off-resonance positive contrast techniques can thus all be used to confirm that the negative contrast is not due to an artifact such as calcification (Table 2) . Targeted imaging of cardiomyocyte injury has been performed using two distinct MNP probes. Cardiomyocyte apoptosis has been imaged in vivo by MRI in a mouse model of transient coronary ligation [33] . No significant changes were seen in myocardial signal intensity when mice were injected with an unlabeled control probe. However, as shown in Fig. 3 , injection of an identical dose (2 mg Fe/kg) of the annexin-labeled probe (AnxCLIO-Cy5.5) produced significant negative contrast enhancement in the injured myocardium [33] . T2* maps of the hypokinetic regions of the myocardium also showed significant differences in those mice given the active versus unlabeled probe, and the results were confirmed by fluorescence reflectance imaging of the near infrared fluorochrome on the probe [33] . Cardiomyocyte necrosis has also been imaged by MRI in the rat heart ex-vivo with an antimyosin antibody conjugated to MION [41] . The use of this probe in conjunction with apoptosis detecting probes could thus provide powerful insights into the pathogenesis of cell death during acute myocardial injury.
The myocardium is highly suited to multimodal molecular imaging approaches. Fluorescence tomography of the myocardium, for instance, has recently been performed in the mouse heart in vivo [25, 31] , as shown in Fig. 4 . This is a completely non-invasive technique that is easily performed in conjunction with MRI of magnetofluorescent MNP and can be used in small animals, if necessary, to confirm the specificity Fig. 2 Panel a: conventional T2* weighted gradient echo imaging (echo time 6.5 ms) in three mice injected with CLIO-Cy5.5 48 h after infarction [31] . The injected doses were (I) 3 mg Fe/kg, (II) 10 mg Fe/kg and (III) 20 mg Fe/kg. Accumulation of the probe in macrophages produced signal hypointensity (negative contrast) in the injured anterolateral wall (arrows). A clear and fairly linear dose response was seen, even at doses significantly higher than those that could be given clinically. Panel b: conventional T2* weighted gradient echo imaging in a single mouse injected with 20 mg Fe/kg of CLIO-Cy5.5 48 h after infarction [31] . The images shown were obtained with an echo time of (I) 2.7 ms, (II) 3.5 ms and (III) 6.5 ms. The thinned infarcted anterolateral wall is clearly seen at the shortest echo time and develops negative contrast, due to MNP accumulation, only once the echo time is increased Fig. 3 Imaging of cardiomyocyte apoptosis by MRI at 9.4 Tesla in mice in vivo [33] . The mice were injected with the annexin labeled MNP, AnxCLIO-Cy5.5, after transient coronary ligation. Accumulation of the probe was seen in the hypokinetic anterior wall of all mice injected with AnxCLIO-Cy5.5, as shown above (arrows). However, no accumulation of the unlabeled control probe, CLIO-Cy5.5, was seen in any of the mice of the changes in the MRI signal. In the large animal and human setting MRI of MNP can be combined with PET imaging either sequentially or simultaneously using novel MR-PET systems.
Conclusion and future outlook
MNP enhanced MRI of the cardiovascular system has been a fairly recent endeavor but these agents have already been used to image macrophage infiltration, apoptosis and VCAM-1 expression in small animal models in vivo. The sensitivity of targeted MNP is currently in the nanomolar range and will likely be improved through the use of agents with dramatically higher relaxivities than present constructs, and through optimization of pharmacokinetics using library approaches. The ability to image MNP with T1, T2, T2*, SSFP and off-resonance techniques provides multiple readouts to ensure probe specificity. Future MNP will further enhance specificity by allowing multi-modality imaging (MRI, fluorescence, PET) of the contrast agent to be performed. First generation polymer-coated MNP are currently FDA approved for clinical use and subsequent generations of MNP (Combidex, Advanced Magnetics, Cambridge MA) have already completed phase 3 clinical trials [6] . MRI of MNP in the cardiovascular system thus has the potential to become a powerful technology in both the basic science as well as the clinical settings. Fig . 4 Dual modality imaging of the magnetofluorescent contrast agent, CLIOCy5.5 [31] . (see also Fig. 2 above) . The images shown are: a coronal MR image of the thorax, through the plane of the heart, used for co-alignment with fluorescence tomography images of the heart and thorax. b 2D coronal slice at the level of the heart from a 3D fluorescence tomographic dataset. The fluorescence image has been overlaid onto a white light image of the mouse.
The depth resolved 3D fluorescence dataset has been acquired completely noninvasively with a dedicated small animal fluorescence tomography system. Significant fluorescence signal is seen over the heart of an infarcted mouse, further confirming the presence of the MNP in the myocardium. c No significant fluorescence intensity is seen over the heart of a sham operated mouse
